The vibrations of multi-supported tubes subjected to flow excitation have been the subject of active research for many years, in particular connected with the critical design of heat exchangers and fuel bundles of nuclear power facilities. Because tubes are often loosely supported, their nonlinear dynamics are conveniently addressed through time-domain numerical simulations. Turbulence is one of the main excitation mechanisms which drive tube vibrations. Recently, we revisited the problem of random excitation generation in the time domain, by properly emulating the spectral and spatial features of the turbulence force field due to transverse flows. A new simplified an efficient technique was developed, which we successfully compared with a generation method based on the classical work by Shinozuka.
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INTRODUCTION
Predictive computations of the dynamical responses of multi-supported tubes subjected to flow excitation have been the subject of active research for many years, in particular connected with the critical design of heat exchangers and fuel bundles of nuclear power facilities. The need to assert the suitability and expected life of these components triggered the development of computational methods for predictive vibratory analysis under realistic conditions. Because tubes are often loosely supported, their nonlinear dynamics are conveniently addressed through time-domain numerical simulations.
Turbulence is one of the main excitation mechanisms which drive tube vibrations and a component life controlling factor, in the long range. Recently, we revisited the problem of random excitation generation, in order to properly emulate the spectral and spatial features of the turbulence force field due to transverse flows, see Axisa et al. [1] for a general overview of the problem. A new simplified an efficient technique for generating random force fields with suitable spectral and space correlation properties was developed, see Antunes et al. [2] , which we later successfully compared with a more involved POD (Proper Orthogonal Decomposition) force generation method [3] based on the classical work by Shinozuka et al. [4] . In the present paper, we pursue our previous work by addressing the time-domain generation of turbulent force fields stemming from flows which display a significant axial velocity component.
The phenomenological characterization of the turbulence excitation by axial flows has been addressed by many authors in the past, since the pioneering work of Corcos [5] , Clinch [6] , Willmarth & Wooldridge [7] , Bull [8] , Bakewell [9] and Gorman [10] , among others, but also in more recent times, see Au-Yang [11] . These authors mainly focused on the frequency domain vibratory analysis of flow-excited plates, pipes and tubes, through the corresponding correlation integrals, the socalled joint and cross-acceptances. Although the main bulk of their findings is well established, important points are still open to debate, such as the behavior of the turbulence correlation lengths as a function of frequency and of the flow velocity, see for instance Durant et al. [12] and Leclercq & Bohineust [13] . As illustrated in Figure 1 , borrowed from [14] , the boundary layer turbulence structures generated by axial flows are quite distinct from those displayed by the turbulence of separated transverse flows. In particular, the turbulence generation mechanism in axial flows is intrinsically connected with the convection of the turbulence fluctuations. Therefore, although the formulations used to model the fluctuations crossspectra from transverse and axial flows present a number of similarities, it is important to keep in mind that the physical phenomena involved are quite distinct.
Here, we focus on several techniques for extending our previous work in order to deal with convective flows. More specifically, we start by applying the force generation methods [2, 3] to axial turbulent flows and evaluate the practical significance of the cross-spectral convection delay term. Then, focusing on our implementation of Shinozuka's technique [3] , which generates a set of partially correlated random forces, we discuss the use of excitations applied at fixed locations along the tube, as well as the use of forces travelling at the convection velocity, for emulating different types of turbulence excitation. Finally, we provide some comments on two-dimensional force fields, concerning the possible correlation of the random excitations along the two orthogonal directions.
EXCITATION FROM TRANSVERSE FLOWS
We start by recalling well known results concerning the linear vibratory responses of tubes subjected to the turbulence excitation of cross-flows. 
and similarly for the orthogonal motion and modal forces:
The dynamics along both directions are dealt similarly, therefore we will drop in the following the superscripts , y z . In actual nonlinear tube analysis, when computing the modal forces ( ) n F t , the turbulence force terms in equations (3) and (4) will be supplemented by contact/friction forces ( )
and other flow terms may be included in (5) if the fluid-elastic forces are accounted for, as thoroughly discussed by Piteau et al. [15] . However, such aspects are out of the scope of the present paper.
Then, from well established results in the theory of random vibrations, the cross-spectra of the modal responses are obtained as ( 1, 2,..., ;
( )
where ( )
T f x t is entirely described in terms of its cross-spectrum
The tube response is given by:
Often cross-terms are much smaller than the diagonal terms in (7), which then simplifies to:
where:
The excitation ( ) 
where, for cross-flow excitations, the coherence function ( ) 1 2 , , 1 T x x γ ω ≤ which describes the spatial correlation of the turbulence eddies is real and may, for homogeneous flows, be described using the simple form [1] :
where ( ) T λ ω is the correlation length of transverse flow turbulence fluctuations, which for tube bundles is of the order of the tube diameter, see Inada et al. [16] . For obvious reasons it is convenient to express the turbulence spectra in dimensionless form. For single-phase flows, collapsing of experimental data is achieved by scaling T Φ in terms of the flow pressure head and using the reduced
, so that the following dimensionless spectrum T Φ is obtained:
and using (9) to (12), the modal tube responses are obtained: φ . This is the particular case when m n = of the general crossacceptance integrals:
where in general
≪ , which allows for interesting simplifications in (14) , as discussed by Axisa et al. [1] .
Following the information supplied, we now present the simple method introduced by Antunes et al. [2] to simulate the time-domain turbulence random field, which uses a set of uncorrelated random forces, as well as a general technique which generates a set of partially correlated random forces, following Shinozuka et al. [3, 4] .
Generation method using uncorrelated point forces
This approach uses uncorrelated point forces located along the tube, which are generated with spectral properties and amplitudes such that they induce the same linear modal responses as the original continuous formulation expressed by (13) . For a set of P random uncorrelated point forces spaced along the tube, { } 
is the auto-spectrum of the point force to be applied at location p x .
We now enforce the condition that modal responses (13) and (15) be the same for all modes of interest 1, 2,..., n N = :
Based on the previous simplifying assumptions, we postulate the same spectral content ( ) exc f Φ for each one of the equivalent point forces, so that we may write for 1,...,
where 0 p C > are unknown amplitude coefficients to be computed. Then, replacing (17) into (16), we obtain for
Identification of the frequency-dependent terms in (18) , when the joint-acceptance integrals are computed using the correlation length values at the corresponding modal frequencies, ( )
, leads to the excitation spectrum:
and the coefficients p C must fulfill the following N conditions:
whence the corresponding solution: ( )
A generalization of this procedure can be applied to nonuniform flows, as explained in [2] . Typically, the procedure converges to satisfactory results whenever the number of point forces is higher than the number of modes excited.
Generation method using correlated point forces
The starting point of all spectral-based methods for generating a set of P partially correlated point-forces
is the frequency-dependent excitation cross-spectrum (10) . In matrix terms, let us write:
or:
where
is the flow-subjected tube region connected with each point force, within which the turbulence excitation is tacitly assumed correlated. For obvious reasons, one should expect that 
where [ ] ( ) M f are frequency dependent mixing matrices. Then, from (26), we obtain:
On the other hand, for each frequency f one may perform an eigen-decomposition of ( ) 
or, from (29) and (30): 
and using sampled random phases uniformly distributed in the
Partial correlation of the forces { } components are used, the number of independent signals generated equals the number of correlated point forces, L P = . This general procedure for generating a random force field is more versatile than the simplified method previously described. However, it asks for much higher computer resources, so that the time-domain excitation generation often becomes as computer intensive as the nonlinear numerical simulation which follows.
EXCITATION FROM AXIAL FLOWS
Generalization of the previous techniques to deal with turbulent axial flows excitations is quite straightforward. The main difference stems from the cross-spectrum of axial flow turbulence, which now includes a convection term: formulated following the phenomenological model attributed to Corcos [5] for the cross-correlation of the pressure field at the wall surface, whose main features have been firmly established through a large number of experiments, see [6] [7] [8] [9] [10] . With respect to a fixed reference frame, the complex coherence in (34) reads: A large body of work has been produced for quantifying the various parameters in formulation (34)-(35), for internal pipe flows [5, 6] or external flows over plates [7, 8] and cylinders [9, 10] . Typically, the frequency dependent axial correlation length is given by [17] :
which closely follows the results [6] [7] [8] , while the convection velocity is expressed through the empirical relation, in agreement with [9] :
where δ * is the displacement thickness of the boundary layer, see [11] for details. Corcos model has been criticized for unrealistic behavior at low frequencies, in particular leading to unity coherence everywhere as 0 ω → , see [13] . Bull [8] suggested that, at low frequencies, the coherence (35) becomes independent of frequency, whereas at higher frequencies it depends on the Strouhal number. He found this qualitative change to occur at about ( ) 0.36
Generation method using uncorrelated point forces
Our simplified excitation generation method previously presented can be easily extended to deal with axial flow turbulence, by replacing the joint-acceptance integrals 
Notice that, contrary to the real values of 
However, as shown by Bolotin [18] , if one neglects crossmodal interactions and only the joint-acceptances are of interest, then sole the real part of (38) is relevant. To illustrate the practical effect of the convective term, let us compute (39) for the simple case of a pinned-pinned beam, as a function of axial correlation length and convection velocity. In dimensionless form, the joint-acceptance from (39) reads:
Notice that, in this formulation, the phase-lag convection term is ignored when assuming Figure 4 , for the first five beam modes. The lower plots were computed including the phase convection term in equation (41), while the upper plots were computed by neglecting the convection term. These plots further highlight our previous conclusion on the serious overestimation of the predicted vibratory levels at low convection velocities, if the convection term in (41) is ignored. Time-domain numerical simulations using the proposed simplified excitation generation method are not shown here for lack of space. Nevertheless, the validation computations performed for a linear tube confirmed that this technique produces correct results and is effective for simulating the random excitation by axial turbulent flows.
Generation method using correlated point forces
The general excitation generation method described for transverse flows also applies readily to axial flows. If the complex cross-spectra (34)-(35) are used for building the spectral matrix (25) of the random point forces, then one obtains directly the time-lagged partially correlated excitations with the adequate spectral and spatial features.
If the convection velocity C V is the same for all frequencies of interest, a more restricted but equivalent method is to generate the point forces using real cross-spectra of the form (11 
where 0
x is any reference location.
To illustrate the actual generation results for a set of correlated point forces using the general method, we show in Figure 6 the time-histories of five of these, which were computed from a complex cross-spectral matrix of which a few neighbor terms are shown in Figure 5 On can notice the lag effects on the phase spectra shown in Figure 5 . The partially correlated resulting point forces illustrated in Figure 6 also encapsulate the convection time lag, an effect which is not well perceived because of the small axial correlation length used for this computation, 
= =
Again, the time-domain vibratory responses computed for validation under linear conditions, using excitations generated with this general method, led to satisfactory results.
Axial convection of transverse turbulence
At this point, the reader may wonder about the dynamical effects of the turbulence excitation from a transverse flow if the corresponding random force field is also subjected to an axial transport at velocity C V . This hypothetical case, which was mentioned before in the paper, may be seen as being purely speculative, or else considered as a real physical possibility. We will not debate here on which should be the most physically plausible manner of tackling the problem of oblique flows, but will be simply interested in using the computational tool developed to investigate this case. Therefore, using the force generation technique based on correlated point forces, we generated a set based on the real cross-correlation (11) , , , , Unfortunately, analysis of the turbulence from transverse flows is more difficult. Actually, flow separation generates a non-homogenous azimuthal pressure field, which renders the computation of the spectral function (44)-(46) more difficult. Nevertheless, if suitable measurements of the azimuthal correlation are available, one may also compute an objective measure of the correlation between the two orthogonal resulting forces. This issue certainly deserves to be resolved.
CONCLUSIONS
In this paper we address the practical topic of generating random force sets to simulate the turbulence excitations by transverse and axial flows in the time-domain. Computational methods previously developed by the authors have been extended to deal with the excitation by axial flows. Illustrative computations of several excitation cases were presented and the dynamical effects of turbulence convection illustrated.
Both turbulence emulation techniques presented in this paper proved adequate and reliable. They constitute a sound excitation basis, on which realistic linear and nonlinear timedomain numerical simulations of flow-excited multi-supported tubes can be achieved. Our simplified force generation method, although less physically tangible that Shinozuka's technique, is computationally much faster. Therefore we believe that both approaches are equally interesting and useful.
